Abstract
Introduction
The medical field is becoming the main motivation behind the latest progress in the instrumented glove technology, referring to the reached know-how and applications in measuring joint finger positions and movements. For such a reason it is necessary for engineers and technicians to collaborate with doctors, therapists and surgeons, furnishing to them the easiest way to evaluate collected data purged from unnecessary or ineffective extrapolated values. This is why we report a virtual reality implementation, providing methods and evaluating results for a useful e-health application, since a visual representation can be an important aid in understanding data. Last but not least, virtual reality based technology plays a key role in telemedicine, ranging from remote diagnosis to complex teleinterventions [1] .
Wearable System
We mean as "instrumented-glove" the ensemble of mechanical and electrical transducers, a support (usually Lycra based), conditioning electronics plus power supply and a transmission system, all useful to measure the 23 degrees of freedom [2] of fingers joints movements.
1 Transducers and support
Here we adopted bend sensors as transducers. This is because of their lightness, cheapness and the fact that we experienced a new way of application which, differing from the usual literature way of usage [3, 4, 5] , prevents these sensors from being stressed by elongation and torsion forces. In such a way it is potentially avoided the problem that some unwanted forces may prejudice the sensor from returning to its initial state because of its non perfect elasticity, so to lead to a drift in the sensor characteristics during its life of utilization. Moreover, in this way we potentially prevented the "force of the hand grip" from leading to the so defined "source of noise in the sensor output" [6] . We propose to apply the sensors on the glove, in correspondence to the dorsal part of the hand, in a way that, in order to measure flex/extension movements, the sensors themselves assume an arched form when the fingers joints are in flat position, and follow the fingers profiles with closed fist, as figure 1a,1b schematized. The sensor arched form is also utilized for measuring addu/abduction movements as in figure 1c, 1d. Since overall measurement performances of the bend sensors can be influenced by support onto which they are mounted [7] , we preferred to adopt a glove with a reduced degree of elasticity. In such a manner the sensor responses depend for the most part on their arched form and in a minimum way on the change, with joint movements in the inter-distance between sensor ends due to the glove elastic behavior.
2 Conditioning electronics and power supply
Resistance values recorded from the sensors were converted into voltage signals and then fed into two 16 bit TI CD4067B multiplexers, followed by a Microchip MCP3202 A/D converter. A Microchip PIC16F690 microcontroller, which receives data from the A/D converter via SPI protocol, addresses the multiplexers in order to query one sensor a time and finally it furnishes data to a wireless system and then to a personal computer. The PIC16F690 microcontroller is an 8BIT FLASH MCU, DIP20, 256 byte SRAM, it presents an EUSART module for the serial communication, a SSP module to connect SPI, I2C interfaced peripherals and was programmed via the Microchip© PICkit™ 2.
3 Transmission system
A wireless transmission system has been implemented. The aim was to guarantee an adequate stream of data, sufficient to discriminate 1 degree angle from all the bend sensors, covering 24 hours of autonomy, thanks to a PP3, 9V, battery with a capacity of 500 mAh.
The ZigBee protocol was adopted as the most suitable choice for our aims. In fact, ZigBee can effectively satisfy our requirements on the data rate and the maximum number of nodes while assuring at the same time a very low energy consumption.
Characterization procedure
A bending measurement setup was used to obtain the electrical sensor characterization.
This set-up consisted of a hinge which simulate the human finger joint controlled by a step-by-step motor (PD-109-57 Trinamic mechatronic drive with NEMA23) that allows to discriminate angles with an error less than a few tenths of degree. The PD-109-57 comes with the PC based software development environment TMCL-IDE for the Trinamic Motion Control Language (TMCL). Using predefined TMCL commands it was possible to determine the initial and final angles assumed by the hinge and to impose a timing for each step movement of the motor. The whole system was controlled with a LABVIEW interface.
The hinge was connected to the 6.35mm motor axis through an elastic joint in order to minimize friction torque. A rigid frame provides the necessary stability to the system.
The setup was remotely controlled by a personal computer to automate the measurement procedure and the resistive response of the sensor was read by a 5.5 digits 34405A Agilent digital multimeter.
In order to characterize the sensor behavior, the proposed arched configuration was replied on the setup with the sensor ends both taped on the hinge wings, assuming a hump figure. The two sensor bonds were obtained with two rectangular hard plates which allowed to vary the distance between the sensor ends from 0.5 to 8 cms. The two bonds permit to fix the sensors in a way that, when the hinge is flat, the sensor is positioned at its maximum bending, while it lies adherent to the hinge profile with the hinge on its maximum predetermined angle.
The instrumented glove was developed on the basis of commercial piezoresistive sensors provided by Flexpoint. Depending on which was the finger joint to be measured, i.e. distal-proximal-metacarpophalangeal, it was used a specific commercial available flexible sensor: 2.5cms, 5.1cms and 7.6cms long respectively.
In order to investigate how these commercial sensors can be adopted for different hand size, we measured their behavior when the inter-distance between the taped ends is reduced as in figure 3 . It can be noticed how the variation in resistance values is increased with reducing the inter-distance from 2.5cms to 2.1cms. This particular and uncommon aspect that we examined revealed an interesting sensor behavior since the reduction of the inter-distance correspond to a decrease of the curve radii of the carbon sensitive part of the sensors. The most interesting consideration is that the more the investigated distance is reduced, the more the resistance variation is increased, leading to evident advantages. Anyway, it must be considered that there is a limit to the distance reduction, in the sense that it cannot become shorter than the joint being measured. Being the curve relative to the 2.1cms the most interesting one, error values relative to the measured resistance were analyzed. Figure 5 regards this error evaluation. This was obtained starting from 0° up to 90° of bending angle with a step of 10°. The standard deviation increases for higher bending angles, while it is unimportant for lower ones. For a comparison purpose, in figure 6 are reported the relative resistance variation versus bending angle for the 7.6cms, 5.1cms, 2.5cms length sensors with the inter-distances end taped respectively reduced to 3.5cms, 2.5cms and 1.2cms. Again the measured results are obtained when the bending angle is varied from 0° to 90° with a 10°step. The sensor behavior shows a saturation aspect at higher bending angles. This behavior was not a problem for two main reasons: our system was able to discriminate bending values even when in the range of 80°-90°, thanks to the conditioning electronic circuitry, in addiction the thickness of the glove precludes the possibility of reaching physiological angles which fingers can arrive when out of the glove.
Virtual model
The basic model of the virtual hand was realized starting from Blender, which is an open source multiplatform software for 3D graphical applications. It has a robust feature set and has the interesting capabilities of texturing, skinning, animating, rendering. The 3D scene for the hand model was built by a mesh i.e. a point set that compose a spotted matrix. The pointed mesh represents the esoskeleton of the hand, so all the movements are performed through a careful mesh disposition.
The mesh can be visualized as an envelope covering the underlying structure made by several interconnected parts (bones), exactly as in a human skeleton. Every bone has got a pivot it can spatially rotate around. The skeleton repositioning corresponds to the rotation of every single junction, replacing all the mesh vertexes.
Every bone was described by two matrixes: a local one (local transform) and a combined one (combined transform). The local matrix describes translations and rotations with respect to its pivot. Obviously the bones are connected one another, so the translation and rotation of a bone influences all the others in a cascading way. This means that for every junction movement the combined matrix of all the junctions is recomputed in a recursive way:
The combined matrix of the i-th junction is computed multiplying its local matrix by the combined matrix of the "father junction".
Differing from the previously reported simplified kinematics model of human hand [8] and from some graphical results [9] , we considered all fingers joints degree of freedom, including flex-extension and adduabduction movements. We obtained graphical result strongly resembling to a real human hand. Just for the addu-abduction movements, we adopted the DirectX, i.e. a collection of application program interfaces for handling tasks related to multimedia. The DirectX software development kit (SDK) consists of runtime libraries in redistributable binary form and it works with a format called "x" just compatible with Blender output. The virtual glove is controlled by C++ language routines. The calibration process is very simple because it is sufficient to define the minimum values (flat palm finger) and the maximum values (closed fist) of all the sensors, recurring to the previously recorded intermediate values during the characterization procedure.
Finally, the Graphic User Interface (GUI) was realized with Windows Application Program Interfaces (API) and it is programmed by C++ language.
Obviously not all movements are allowed. The antagonization between the insertion extensor and flexor tendons produces limited range of motions for each joint of each finger that, with a simplified schematization useful for our purposes, can be summarized as: 0°-120° for proximal inter-phalangeal (PIP) and 0°-90° for both metacarpo-phalangeal (MPC) and distal-interphalangeal (DIP) joints, being hyperextension movements here neglected. In the same manner for abduction / adduction movements a motion range of 0°-25° was considered. This is schematized in Fig.7 . The program interface includes several controls, such as a recorder option so to recall the data stream upon request, zoom in/out, play/pause, save/open options. Then it is reported an error message if senseless measured input data are received and the single wrong acquisition value was changed according to an interpolation algorithm between the previous and the following measured data.
We experienced great advantages from the utilization of our 3D virtual model of the hand. During the pre-processing data phase, the model has been utilized as a helpful tool to verify the measurement repeatability. During the real-time visualization phase, the model allowed the hand visualization from different points of view, a continuous monitoring of the coherence in data stream and a rapid re-calibration if necessary. During the post-processing data phase, thanks to the model, it was possible to replay all the fingers movements in slow / rapid / frame-by-frame motion and to isolate just one finger at a time, removing the others from the view, in order to focus the operator's attention only on some important details.
Results
The instrumented glove we developed demonstrated to be easy wearable thanks to the lycra based material. It was enough comfortable to be worn even for long time (in terms of hours). The arched solution proposed for the sensors demonstrated its validity.
For the virtual part reproducing all the movements of the sensors, the home-made 3D model is easily changeable, totally adaptable for different source data types. It demonstrated how finger movements can be graphically viewed and how stored data can be analytically considered, re-played, viewed frame by frame, showing just one finger movement at a time, pausing the motion when necessary. Future work can now be spent to enrich the facility here illustrated to implement the interaction with virtual objects expressly created in the environment.
Conclusion
Our instrumented glove technology has been ad hoc developed, so to presents the flexibility to take into account the specific needs of doctors, therapists and surgeons. Medicine and Health Care exigencies, especially motor rehabilitation, analysis of motor performance, ergonomics, medical education and training [3] , may find the proposed virtual instrumentation a useful tool.
These interesting developments will provide an important advance in the understanding of the functions of the real hand and furnish a simple way of assessing outcomes in a repeatable manner.
